Epidermal growth factor (EGF), a mitogen, also stimulates neurite extension during development, but the underlying mechanism is elusive. This study reveals a functional role for kappa opioid receptor (KOR) in EGF-stimulated neurite extension, and the underlying mechanism. EGF and activated EGF receptor (EGFR) levels are elevated in embryonic spinal cords during late gestation stages, with concurrent rise in protein levels of KOR and axon extension markers, growth-associated protein 43 (GAP43), and transient axonal glycoprotein-1 (TAG-1). Both GAP43 and TAG-1 levels are significantly lower in KOR-null (KOR −/− ) spinal cords, and EGFR inhibitors effectively reduce the levels of KOR, GAP43, and TAG-1 in wildtype embryonic spinal cords. For KOR −/− or KOR-knockdown dorsal root ganglion (DRG) neurons, EGF can no longer effectively stimulate axon extension, which can be rescued by introducing a constitutive KOR expressing vector but not by a regulated KOR vector carrying its 5′ untranslated region, which can be bound and repressed by growth factor receptor-bound protein 7 (Grb7). Furthermore, blocking KOR activation by application of anti-dynorphin, KOR antagonist, or EGFR inhibitor effectively reduces axon extension of DRG neurons. Thus, EGF-stimulated axon extension during development is mediated, at least partially, by specific elevation of KOR protein production at posttranscriptional level, as well as activation of KOR signaling. The result also reveals an action of EGF to augment posttranscriptional regulation of certain mRNAs during developmental stages.
important switch to activate the silenced KOR mRNA for translation is the phosphorylation of Grb7 by Focal Adhesion Kinase (FAK), which is a downstream signal mediator for various growth factors such as Netrin and EGF (13) (14) (15) . To determine the physiological function of KOR in the developing nervous system, we conducted preliminary experiments using primary DRG neurons dissected from the wild-type (WT) and KOR-null animals (16) to examine several developmental parameters and the sensitivity of the dissected DRG cultures to stimulation by potential growth factors. Preliminary experiments suggested that, in developing embryos, KOR could play a functional role in neurite extension, particularly in response to EGF stimulation.
EGF is a mitogen that is best known to regulate multiple cellular processes including proliferation, survival, and differentiation. Although it has not been as widely emphasized, EGF is also known to exert neurotrophic and/or neuromodulatory effects, thereby regulating neurite extension and neuronal activity as shown in studies of primary neurons (17, 18) and PC12 cells (19, 20) . Indirectly, EGF also modulates neurite extension stimulated by hormones/factors such as thyroid hormones (21) , suppressor of cytokine signaling-2 (18) , and Versican G3 domain (22) . EGF signal is primarily mediated by its binding to the EGF receptor (EGFR), which activates two signal transduction pathways. The first signal transduction pathway involves multiple cytoplasmic signaling molecules such as PKC, MAPK, PI3K, STATs, etc., which regulate cellular growth, survival, and differentiation (23, 24) . The second pathway is through the nuclear translocation of EGFR to coregulate gene transcription (25, 26) . However, the direct molecular mediator that transmits EGF signal to regulate neurite extension in development has remained elusive.
This study reports EGF as a physiological stimulus to elevate KOR protein level during development. Elevation in KOR protein level, as well as KOR activation by its agonist, plays a role in neurite, including axon, extension of the developing nervous system. Furthermore, the target of EGF action resides at posttranscriptional regulation of KOR, which involves a specific KOR 5′-UTR-binding protein, Grb7.
Results

KOR Ablation Lowers the Levels of Axon Extension Markers in the Developing Spinal Cord Without Affecting EGF Production or EGFR
Activation. Our preliminary tests suggested that EGF-stimulated neurite extension was less effective in KOR-null primary neurons as compared to the WT neurons. To determine the causal relationship of KOR and EGF-stimulated neurite extension in development, we first examined the endogenous components relevant to This article is a PNAS Direct Submission.
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EGF signal activation and neurite extension in the WT and KORnull animals. This was achieved by determining protein levels of endogenous EGF, activated (phosphorylated) EGFR (p-EGFR), and two axon extension markers, growth associated protein 43 (GAP43) and transient axonal glycoprotein-1 (TAG-1), in the spinal cords of WT (KOR +/+ ) and KOR-null (KOR −/− ) P0 newborn mice. As shown in Fig. 1 (corresponding Western blots shown in Fig. S1 ), despite retaining constant levels of EGF and p-EGFR, the KOR-null spinal cord had significantly lower GAP43 and TAG-1 protein levels as compared to the WT spinal cord. Neither EGFR nor Actin level was significantly different between the KOR-null and WT spinal cords. To rule out the possibility that this phenomenon might be due to nonspecific compensatory effects resulted from KOR knockout in the animals, the cerebellums, where KOR is known to be absent (3), from WT and KOR-null newborn mice were analyzed. As shown in Fig. S2 , the expression levels of GAP43 and TAG-1 were not significantly different between WT and KOR-null animals. Therefore, the possible compensatory effect in spinal cord, due to KOR knockout, is largely ruled out. All together, our data reveal that KOR is involved in the expression of both GAP43 and TAG-1, indicators of axon extension, in the developing spinal cord. Furthermore, ablating KOR does not interfere with the production of EGF or EGFR, neither does it affect the activation of EGFR in developmental stages.
Endogenous EGF Modulates KOR Protein Level and Axon Extension
Markers in Animals. The fact that ablating KOR has no effect on EGF production or its receptor activation but does affect the levels of axon extension markers would suggest that KOR could be a downstream mediator of EGF to stimulate neurite/axon extension. We then monitored changes in the endogenous levels of these components in the WT mouse spinal cord along development. As shown in Fig. 2A (corresponding Western blots shown in Fig. S1 ), both endogenous EGF and activated EGFR (p-EGFR) were clearly detected from E18 to E20. The levels of KOR protein and axon extension markers, GAP43 and TAG-1, were significantly elevated on E18. The levels of Actin and the KOR mRNA-binding protein, Grb7 (see later, Fig. 5 ), stayed relatively constant throughout the time period monitored. Therefore, it seems that KOR expression parallels the production of endogenous EGF and EGFR activation in the spinal cord, which is closely correlated with the significant elevation of axon extension markers during the developmental period when active neuritogenesis occurs (20) .
To determine whether the elevation of KOR, GAP43, and TAG-1 in spinal cords was indeed modulated by EGF, we employed two EGFR inhibitors, Gefitinib and Erlotinib, which could cross placenta (27) to block the action of endogenous EGF in embryos. We administered these EGFR inhibitors into pregnant mice on E17 and examined the spinal cords of E18 to P0 animals. As shown in Fig. 2B , the levels of pEGFR were significantly lower in the spinal cords of Gefitinib or Erlotinib-treated animals (E18 to P0), confirming the efficacy of these EGFR inhibitors in these experiments. Blockage of the endogenous EGF signals lowered the levels of endogenous KOR, GAP43 and TAG-1, but exerted no effects on the control, Actin, or the KOR RNAbinding protein Grb7. These data show that EGFR activation is required for the elevation of KOR and axon extension markers during late gestation and early postnatal stages.
KOR and Its Ligands Are Required for EGF-Stimulated Axon Extension
of Primary DRG Neurons. The observation that two axon extension markers were down-regulated in KOR-null spinal cord would suggest a functional role for KOR in EGF-stimulated axon extension. This was tested by using primary DRG neurons obtained from normal and KOR-null mutant mice (16) , as well as normal and KOR-silenced primary rat DRG neurons. As shown in Fig. 3A , EGF effectively stimulated axon outgrowth from the WT (KOR +/+ ) mouse DRG neurons, but it failed to efficiently exert such effects for KOR-null (KOR −/− ) mouse DRG neurons. This observation was further confirmed using rat primary DRG neurons transfected with either the control-or KOR-specific siRNA before EGF treatment ( Fig. 3B ) The efficiency of siRNA knockdown of KOR in rat DRG neurons was accessed by immunohistochemistry ( Fig. 3B ) and by Western blot (Fig. S3) , with anti-KOR antibody. Therefore, the functional role for KOR in mediating the effect of EGF-stimulated axon outgrowth appears to be common to both the mouse and the rat.
To determine whether EGF-stimulated axon extension required both KOR and its ligand, we examined the effects of the endogenous KOR ligand, dynorphin, on EGF-stimulated axon extension by using anti-dynorphin antibody to block endogenous dynorphin in rat DRG cultures (28) . As shown in Fig. 4A , antidynorphin indeed reduced EGF-stimulated rat DRG neuron's axon extension, as compared to the IgG control. The reduction in axon extension by anti-dynorphin antibody was abolished when the antibody had been preincubated with the dynorphin peptide (Fig. S4) , supporting the specificity and efficiency of this antibody in blocking endogenous dynorphin in the DRG neuron cultures. Together, these results suggests that both KOR and its ligand are required for EGF's action in stimulating axon outgrowth.
To support this viewpoint, we employed several KOR ligands in rat DRG cultures. Interestingly, without EGF treatment, neither KOR agonist (dynorphin) nor antagonist (nor-BNI) exerted a significant effect to stimulate axon outgrowth (Fig. 4B) . Additional dynorphin slightly enhanced the effect of EGF, whereas the KOR antagonist nor-BNI significantly reduced the effect of EGF (Fig. 4B) . The EGFR inhibitor, AG 1478, blocked the effect of EGF on axon extension as predicted. These data confirm that both the elevation of KOR protein level and KOR agonist binding are required for efficient EGF-stimulated axon extension.
Signal of EGF to Stimulate KOR/Dynorphin-Dependent Axon Extension
Depends on Grb7-Regulated KOR Protein Expression. To determine the target of EGF action on the regulation of KOR protein level, i.e., through transcriptional or posttranscriptional events, we first performed a real-time RT-PCR experiment, which ruled out the effect of EGF on the steady state level of KOR mRNA (Fig. S5) . Therefore, the target would reside at the posttranscriptional level that involved, primarily, the UTRs of KOR mRNA. We conducted a series of reporter assays in P19 embryonal carcinoma cells to identify the target region (within the KOR UTRs) of EGF action. As shown in Fig. 5A , the full-length (containing KOR 5′-and 3′-UTRs) and 5′-UTR KOR reporters, but not the 3′-UTR reporter, showed increased activities after EGF treatment, suggesting the 5′-UTR of KOR mRNA as the target of EGF action. One crucial regulator for this 5′-UTR is its specific binding protein, Grb7 (14) . We then examined the activity of Grb7 in mediating the effect of EGF by silencing the endogenous Grb7. As shown in Fig. 5B , in the Grb7-silenced cellular background, this 5′-UTR reporter basal activity (without EGF stimulation) was not changed. Importantly, EGF could no longer enhance this KOR reporter activity under the Grb7-silencing condition, suggesting that EGF acted to augment KOR mRNA regulation by Grb7.
Based on the results from the reporter assays, we predicted that Grb7 should also be involved in EGF-stimulated axon extension. We tested this possibility by silencing the endogenous Grb7 in rat DRG neurons and monitored the effect of EGF on their axon extension. As shown in Fig. 5C , Grb7 knockdown rendered these DRG neurons resistant to EGF stimulation, supporting that EGFstimulated axon outgrowth depended on KOR mRNA regulation by Grb7, which could modulate the level of KOR protein. The efficiency of siRNA knockdown of Grb7 in rat DRG neuron cultures was determined by immunohistochemistry (Fig. 5C ) and Western blot (Fig. S3) , with anti-Grb7 antibody. This was further confirmed by effective rescue of Grb7 knockdown of these DRG neurons by introducing a KOR constitutive expression vector [an expression vector deleted in the Grb7-binding site (KOR-IRES-GFP)]. This KOR expression vector does not require the action of Grb7, and therefore would constitutively produce KOR protein. Intriguingly, reduced axon outgrowth seen in Grb7 knockdown DRG neurons could not be effectively rescued by the Grb7-regulated KOR expression vector 5′-UTR-KOR-IRES-GFP that carried the Grb7-binding sequence. This confirmed that Grb7 was required for elevating KOR level. However, this outcome seemed to contradict its previously established role as a KOR translational repressor (14) . A potential explanation was that Grb7 could also regulate other posttranscriptional regulatory events through its binding to KOR mRNA, such as mobilizing KOR mRNA, in addition to its repressing KOR translation. This was supported by studying these two KOR expression vectors (Fig. S6A ) in P19 cells that expressed endogenous Grb7. KOR protein level and ligand binding could be better quantified in this system. As shown in Fig.  S6B , the Grb7-regulated 5′-UTR-KOR-IRES-GFP vector indeed expressed a higher level of KOR protein than the KOR vector lacking its 5′-UTR (KOR-IRES-GFP). Fig. S6C showed that KOR ligand binding activity indeed was also higher in cells receiving the 5′-UTR-containing KOR expression vector (5′-U TR-KOR-IRES-GFP). These results revealed additional posttranscriptional regulation of KOR protein production by Grb7 binding to its 5′-UTR (see Discussion). The possibility that silencing Grb7 might have affected KOR mRNA stability was ruled out, because KOR mRNA half-life was unaffected by silencing Grb7, as monitored by real-time RT-PCR at different time points (Fig. S7) .
One key feature of Grb7 binding to the 5′-UTR of KOR mRNA resides at its phosphorylation, which abolishes its KOR RNA-binding ability. We then exploited a previously generated Grb7 dominant negative mutant that could not be phosphorylated (14) to confirm the functionality of Grb7 in mediating the stimulating effect of EGF on axon extension. We compared the effects of WT Grb7 (WT CFP-Grb7) and this dominant negative mutant Grb7 (DM CFP-Grb7) in rat DRG neuron axon outgrowth experiments (Fig. 5D) . The dominant negative mutant Grb7 would remain tightly binding to KOR mRNA, thereby ultimately arresting KOR mRNA translation. In the presence of this dominant negative mutant Grb7 that tightly bound KOR 5′-UTR and could not release KOR mRNA for translation (14) , the 5-UTR-carrying KOR vector would be resistant to EGF stimulation. Indeed, as shown in Fig. 5D , forced expression of DM CFP-Grb7, as compared to the WT CFP-Grb7, effectively inhibited EGF-stimulated axon outgrowth in DRG neurons. Furthermore, blockage by this mutant Grb7 could be rescued by coexpressing the constitutive KOR expression vector KOR-IRES-GFP, but not by the Grb7-regulated KOR expression vector 5′-UTR-KOR-IRES-GFP. Together, these data confirm that Grb7-regulated elevation in KOR protein level indeed contributes to EGF-stimulated axon outgrowth. Discussion EGF has been shown to both stimulate and inhibit neuritogenesis (29, 30) , mediated by its direct or indirect effects in the system. However, during developmental stages, EGF is known to stimulate neurite extension as shown in most studies (18, (31) (32) (33) ; but the mechanism has been elusive. This current study reveals a functional role for KOR in mediating EGF-stimulated axon extension in development. Interestingly, this effect requires the elevation of KOR protein level that is regulated primarily at the posttranscriptional level and involves a KOR mRNA 5′-UTR binding protein Grb7.
The correlation of EGF level with the levels of KOR protein and axon extension markers in spinal cords is very obvious in late embryonic to early postnatal stages, at least for the mouse. In dissociated primary DRG neuron cultures, EGF acts to stimulate axon extension by elevating KOR protein levels through posttranscriptional regulation of KOR mRNA, which involves the KOR 5′-UTR binding protein Grb7. Whereas EGF has been shown to induce neurite outgrowth in several studies (17) (18) (19) (20) , this report reveals one physiologically relevant mediator for the action of EGF in neurite extension. More importantly, this study provides evidence for the functional role of endogenous KOR and its ligand in neurite/axon extension, and establishing the crosstalk between EGF and the endogenous opioid/opioid receptor system. The data also show that agonist binding to KOR is important for EGF-stimulated neurite/axon extension. Activation of opioid receptor, including KOR, by agonists is known to modulate multiple down stream signaling effectors that are potential axon outgrowth regulators, such as extracellular signal-regulated kinase 1/2 (ERK1/2) (34), p38 mitogen-activated protein kinase (MAPK) (35) , and c-Jun N-terminal kinase (JNK) (36) . Whether and how these effectors contribute specifically to EGF-stimulated neurite outgrowth needs to be evaluated in the future. Opioid receptors have been shown to be involved in neuronal differentiation (37) (38) (39) . This study adds a functional role for KOR in the development of the nervous system, specifically in neurite/axon extension. Whether other opioid receptors also participate in neurite outgrowth is an interesting topic to examine in the future. An important key regulatory target of EGF action resides at Grb7-binding to the 5′-UTR of KOR mRNA. During embryonic and postnatal development, Grb7 level stays relatively constant, whereas the levels of EGF, activated EGFR (pEGFR) and KOR peak in a specific time window when active neuritogenesis occurs [E18 to early postnatal periods (Fig. 2) ]. This would suggest that although KOR mRNA can be expressed much earlier during embryonic stages, KOR protein production is probably not very active until later when growth factors, such as EGF, are available to regulate its posttranscriptional events. Thus, posttranscriptional regulatory events are even more critical than transcriptional events in modulating KOR protein levels at specific time and in selected tissues, i.e., the temporal and spatial control for KOR protein is likely to depend heavily on the availability of signals/factors available locally and in a timely fashion. Because we only profiled EGF signaling pathway in the spinal cords of mouse embryos and early postnatal animals, it remains to be determined whether other factors/stimuli for KOR protein production during development would be as efficient as EGF in stimulating neurite extension.
An intriguing finding pertinent to the functional role of Grb7, a specific KOR 5′-UTR binding protein and a known KOR translational repressor, is the surprising outcome of studies using the 5′-UTR-carrying KOR vector under Grb7-silencing ( Fig. 5B and Fig. S6 ). Given the established function of Grb7 in repressing KOR translation, silencing Grb7 would be sufficient to remove the barrier for KOR protein production, and therefore this alone would elevate the basal level of the KOR reporter (Fig.  5B) . However, this experiment shows similar basal levels of KOR reporter activity, with or without Grb7 silencing in P19 (Fig. 5B) , which suggests that removing Grb7 alone is unable to elevate KOR production, and indicates the requirement for Grb7 in other posttranscriptional events to modulate KOR production, such as mobilizing KOR mRNA. This is partially supported by the results of expressing the 5′-UTR-containing KOR vector (Fig. S6) in the Grb7-containing P19 cellular background where deleting this Grb7-binding 5′-UTR reduces the efficiency of KOR protein production (as shown by the lower KOR level expressed by KOR-IRES-GFP that lacks the 5′-UTR). However, the complicated functional role of Grb7 in regulating KOR posttranscriptional regulation remains to be further investigated. Currently, we have ruled out the effect of Grb7 on KOR mRNA stability (Fig. S7) .
Grb7 belongs to the Grb7 super family of adaptors (40) . Studies have shown that other Grb7 family members can also be expressed in the nervous system (41) (42) (43) . This current study provides evidence for a specific functional role of Grb7 in regulating neurite extension through controlling the level of KOR protein at posttranscriptional levels. Whether this is specific to EGF signals or may also be triggered by other growth factors such as Netrin remains to be validated.
Materials and Methods
Antibody and Reagent. The antibodies were from Santa Cruz Biotechnology (anti-Grb7, anti-Actin, anti-EGF, anti-EGFR, and anti-p-EGFR). Abcam (anti-KOR and anti-TAG-1) and Sigma (anti-Tau and anti-GAP43). EGF, U69,593, nor-binaltorphimine (nor-BNI), and dynorphin were from Sigma. Gefitinib and Erlotinib were from LC Laboratories. AG 1478 was from Calbiochem. 3 H-U69,593 was from PerkinElmer. Dynorphin peptide was from AnaSpec. 
